mRNA degradation is coupled with the process of mRNA translation. For example, an mRNA molecule, on which translation is prematurely terminated because of a nonsense codon, may be rapidly degraded. This nonsense-mediated mRNA decay in the yeast Saccharomyces cerevisiae is mediated by the Upf1 and Upf2 proteins. Yeast mRNAs can also be selectively destabilized by limiting the rate of translation initiation. Two such destabilized mRNAs, from the SSA1 and SSA2 genes, have been identified using temperaturesensitive mutations affecting the Prt1 component of eukaryotic initiation factor 3. For SSA1 and SSA2 mRNAs, and for structurally modified SSA mRNA derivatives, I show here that degradation is triggered when translation initiation is limited but ongoing. This initiation-dependent mRNA degradation is limited to a subset of mRNAs that includes at least those from the SSA1 and SSA2 genes, and occurs through Upf1-and Upf2-mediated processes, although sequence elements characteristic of nonsense-mediated decay are not evident in these mRNAs.
INTRODUCTION
Intracellular levels of an mRNA species depend on both the rate of transcription and the rate of mRNA breakdown. Several different pathways mediate mRNA degradation (reviewed in [1] [2] [3] [4] . In the yeast Saccharomyces cerevisiae the major mRNAdegradation pathway depends on deadenylation, with the poly(A) tail first being shortened to 10-12 nucleotides, followed by removal of the 5′ cap and finally degradation of the mRNA by endonucleases and/or exonucleases (5, 6) . Some mRNAs may also be degraded by a different, deadenylation-independent, pathway that does not require prior shortening of the poly(A) tail but still involves 5′ cap removal and nuclease digestion (4) . This deadenylation-independent pathway degrades mRNA that has an aberrant nonsense codon within the coding region. The premature translation termination that results from this nonsense codon brings about a shorter half-life for the mRNA molecule than if it did not contain the nonsense codon. The nonsense-mediated mRNA-decay pathway has been described in many eukaryotic systems (7) , including yeast (8) . The function ascribed to this pathway is one of surveillance, to remove aberrant mRNAs that may produce potentially detrimental polypeptides (9, 10) . Nonsensemediated decay may not affect most normal cellular mRNAs; only the PPR1 and CTF13 mRNAs have been reported to be stabilized by this pathway (4, 11) .
mRNA breakdown depends on cis-acting elements within the mRNA itself. Instability elements have been found in the 5′ leader, the coding region, and the 3′ untranslated region of many yeast mRNAs (12) (13) (14) (15) (16) (17) (18) (19) (20) . It has been suggested that these elements may affect mRNA decay through interactions with the translation machinery (4) .
The idea that mRNA degradation is linked to protein synthesis (reviewed in 1,21) originally came from observations that some mRNAs, but not all, must be translated to be rapidly degraded (12, (22) (23) (24) , and that the translation elongation inhibitor cycloheximide alters mRNA stability (7) . In addition, mutation of the tRNA-nucleotidyltransferase enzyme in S.cerevisiae alters both translation elongation rate and stability for some mRNAs (25) . These observations link mRNA degradation to translation elongation.
Perturbing the initiation stages of protein synthesis may also affect mRNA stability. Translation initiation is a multistep process that begins with a 40S ribosomal subunit selecting an mRNA for translation and ends with the joining of a 60S subunit and the formation of the first peptide bond (reviewed in 26). Several eukaryotic translation initiation factors (eIFs) participate in this process. An mRNA that is destined for translation associates with a preinitiation complex consisting of the 40S ribosomal subunit, eIF3, eIF1 and the ternary complex of eIF2, GTP and initiator tRNA. This preinitiation complex recognizes the cap at the 5′-end of the mRNA via interactions with eIF4F, and then scans down the mRNA until an AUG start codon is recognized. Alteration of the rate of translation initiation by several different methods can lead to altered mRNA stability. For example, the insertion of sequences with strong secondary structure into the 5′ untranslated region of an mRNA can decrease translation of an mRNA, presumably by impeding the scanning by the 43S ribosomal subunit (27) . Blocking translation initiation in this fashion can alter the stability of some yeast mRNAs, although other mRNAs similarly modified may not be affected (28) (29) (30) (31) (32) (33) .
The rate of translation initiation can also be affected through the use of mutations in the eIFs that participate in the translation initiation process. For example, the initiation of translation in yeast can be rapidly inhibited by the transfer of cells harboring a temperature-sensitive prt1 mutation to a restrictive temperature (34) (35) (36) (37) (38) . The Prt1 protein is a subunit of eIF3 (39, 40) , and impairment of eIF3 function by a prt1 mutation inhibits the association of the initiator tRNA i , and presumably of the tRNA i •eIF2•GTP ternary complex, with the 40S ribosomal Tel: +1 902 494 2123; Fax: +1 902 494 5125; Email: cabarnes@is.dal.ca subunit in the formation of the pre-initiation complex (41) . An inhibition of translation initiation in this way can have differential effects on mRNA degradation. Using conditions that diminish translation initiation in prt1-1 mutant cells, I have shown that two yeast mRNAs, encoded by the SSA1 and SSA2 genes, become more susceptible to degradation than other mRNAs. The use of derivatives of SSA1 and SSA2 mRNAs localized sequences responsible for this selective degradation to the 5′-ends of these mRNAs (38) . 2) , CB54A (lanes 3-9) and PLR62B (lanes [10] [11] [12] [13] [14] . For strain CB54A, at time 0 the culture was divided, with one portion transferred to 40_C and the other portion to 37_C. Lanes 8 and 9 were exposed four times longer than lanes 3-7 for the SSA mRNAs.
To investigate further the relationship between translation initiation and mRNA degradation I have assessed the effects on the SSA1 and SSA2 mRNAs and several derivative mRNAs under conditions that diminish translation initiation to different degrees. I find that the degradation of SSA1 and SSA2 mRNAs is indeed responsive to the rate of translation initiation in prt1 mutant cells, and have identified two pathways for the accelerated degradation of these mRNAs. Under conditions of blocked translation initiation these mRNAs are subject to increased degradation. However, when translation initiation rates are only partially inhibited these mRNAs are rapidly degraded. This 'initiation-dependent' mRNA degradation is mediated by the Upf1 and Upf2/Nmd2 proteins; these proteins also participate in the nonsense-mediated decay pathway (see above).
MATERIALS AND METHODS

Strains and plasmids
Yeast strains are listed in Table 1 . The centromeric plasmid YCp102, containing SSA2 sequences from nucleotides -555 to +30 (with +1 the A of the translation-initiation codon ATG) fused in-frame to the lacZ gene of Escherichia coli (42) , was constructed by ligating the 3.7 kb PstI-DraI fragment of YIp102 (38) to the large PstI-NaeI fragment of pRS315 (43) . These SSA2 sequences direct the correct expression of the SSA2-lacZ fusion gene (42) The SSA1-lacZYA and SSA2-lacZYA constructs have been described previously (38) . YCpCYZ, containing upstream sequences of CYC1 fused to lacZ, was constructed by replacing the small SstI-SacI fragment of YCp102 with the 3.1 kb SstI-SacI fragment of pLG669-Z∆229-178 (44) .
RNA analysis
Yeast cultures were grown in glucose-supplemented YNB minimal medium (46) at 23_C overnight to a density of 2-4 × 10 6 cells/ml, and then transferred to 32, 37 or 40_C for further incubation. For Northern analysis, equal amounts of total RNA (20 µg, determined spectrophotometrically) were resolved by electrophoresis through 1.2% agarose plus 2 M formaldehyde (47) and transferred to Hybond N membrane (Amersham) for hybridization. Equal loading was confirmed by in-gel ethidium staining of rRNA (data not shown). ACT1 mRNA was used an internal control. Probes used were an internal NcoI-HindIII fragment of SSA2 that cross-hybridizes to the virtually identical (42,48) SSA1 sequences, 6.2 kb BamHI-SalI or 3.1 kb BamHIDraI fragments of the SSA2-lacZ gene that contain only lac sequences, an internal XhoI-HindIII ACT1 fragment, and a 0.9 kb BamHI-PstI URA3 fragment. Northern analyses were performed at least in duplicate, and usually on several different strains. Each blot was exposed for several different times to obtain signals in the linear range. Relative amounts of the SSA mRNAs were estimated by comparison with the intensities of ACT1 mRNA bands.
RESULTS
SSA1/SSA2 mRNA degradation is more rapid when translation initiation is only partially inhibited rather than blocked
In cells that harbor a prt1-1 mutation a severe blockage of translation initiation occurs upon transfer of cells to 37_C (34, 41) . I found that at 37_C prt1-1 mutant cells also showed an increased degradation of the mRNAs from the closely related SSA1 and SSA2 genes (Fig. 1A) . However, the SSA1/SSA2 mRNA degradation at 37_C was markedly less, only a 2-3-fold decrease compared with the >20-fold decrease previously seen in prt1-1 mutant cells at the less inhibitory temperature of 32_C: at that temperature, prt1-1 effects cause the SSA1/SSA2 mRNAs to be rapidly and extensively degraded (38; Fig. 1A ).
Two factors distinguish the 37_C experiment in Figure 1 from those reported previously: the higher restrictive temperature, 37 versus 32_C, and the virtually complete inhibition of translation initiation at 37_C, rather than the partial inhibition seen at 32_C (34, 36, 38, 41) . Further experiments were therefore carried out to discriminate between any effects caused by the 37_C incubation temperature and those caused by the severe blockage of translation initiation imposed by the prt1-1 mutation at that temperature.
Heat shock does not stabilize SSA1/SSA2 mRNAs under conditions of diminished translation initiation
Transfer of yeast cells to 37_C causes a heat-shock response (49, 50) , and the SSA1/SSA2 mRNAs in question encode heat-shock proteins (42) . Therefore, the involvement of heat-shock effects in modulating the differential SSA1/SSA2 mRNA degradation at 37 versus 32_C in prt1-1 mutant cells, as illustrated in Figure 1 , was a possibility. This issue was investigated through use of another prt1 mutant allele. At the 37_C heat-shock temperature the prt1-63 mutant allele imposes only a partial inhibition of translation initiation (36) and, as shown in Figure 1A , also brings about the rapid degradation of the SSA1/SSA2 mRNAs. The decrease in abundance shown in Figure 1A is similar in magnitude to the decrease seen in prt1-1 cells at 32_C (38) . Therefore, under heat-shock conditions a rapid degradation of SSA1/SSA2 mRNAs depends on the prt1 mutant allele used and the consequent extent of residual translation initiation. The rate of mRNA degradation is related to the degree of inhibition of translation initiation, but not the temperature at which this inhibition is seen. The degree of inhibition of translation initiation caused by a prt1 mutation may therefore determine the half-lives of these mRNAs, with rapid degradation seen only under conditions of partially inhibited translation initiation.
The rpb1-1 mutation allows direct assessment of SSA1/SSA2 mRNA stabilities
The interpretation that a partial inhibition of translation initiation facilitates SSA1/SSA2 mRNA degradation was reinforced by direct measurements of the stabilities of the SSA1/SSA2 mRNAs. These experiments relied on the rpb1-1 mutation, which alters the largest subunit of RNA polymerase II and causes temperature-sensitive RNA polymerase II activity (51) . The rpb1-1 mutation brings about a rapid cessation of transcription by RNA polymerase II upon transfer of mutant cells to 37_C, a property of rpb1-1 mutant cells that has been exploited to determine the half-lives of several yeast mRNAs (52) (53) (54) . Using rpb1-1 mutant cells, I found that the SSA1/SSA2 mRNAs pre-existing at the time of temperature shift have intrinsically long half-lives at 37_C (Fig. 1B) , the same incubation temperature used for several of the prt1 experiments illustrated in Figure 1A . In wild-type cells these pre-existing SSA1/SSA2 mRNAs, which would make up a substantial portion of the SSA1/SSA2 mRNA population over the time-course of the 37_C incubations shown in Figure 1 , are rapidly degraded in prt1-63 mutant cells. This use of the rpb1-1 mutation confirms that diminished translation initiation destabilizes SSA1/SSA2 mRNAs.
The heat-shock conditions used here induce higher levels of transcription of the SSA1 and SSA2 genes, thus increasing the abundance of these mRNAs (55) . Indeed, stimulated transcription at 37_C adds new mRNAs to the pool even in prt1-63 mutant cells (Fig. 1A) . Despite this new transcription the rapid loss of the SSA1/SSA2 mRNAs is evident when translation initiation is partially inhibited (Fig. 1) .
Further support for the interpretation that diminished translation initiation facilitates SSA1/SSA2 mRNA degradation was provided by the use of a higher restrictive temperature for prt1-63 mutant cells. At 40_C, a temperature that for prt1-63 mutant cells causes a severe inhibition of translation initiation (36) , the SSA1/SSA2 mRNAs are spared from degradation (Fig. 1B) . Thus, the effects of prt1 mutations on SSA1/SSA2 mRNA abundance are consequences of the rate of translation initiation in mutant cells; all of the prt1 data support the interpretation that diminished, but ongoing translation initiation, triggers a rapid degradation of SSA1/SSA2 mRNAs. 
Both SSA1 and SSA2 mRNAs are rapidly degraded under conditions of diminished translation initiation
The probe used here to identify the SSA1/SSA2 mRNAs is an internal sequence of the SSA2 gene that cross-hybridizes with the virtually identical SSA1 mRNA even under stringent washing conditions (48, 56) . To extend the analysis to individual SSA mRNAs, I constructed strains containing either an ssa1::HIS3 disruption mutation or an ssa2::LEU2 disruption mutation, which allowed the quantification of SSA1 mRNA or SSA2 mRNA without interference by the other. As expected, levels of SSA2 mRNA were decreased in abundance in prt1-63 ssa1 mutant cells after transfer to 37_C (Fig. 2) . Similarly, in prt1-63 mutant cells disrupted for SSA2, SSA1 mRNA levels were also decreased, whereas in wild-type PRT1 cells SSA1 mRNA or SSA2 mRNA abundance was unaffected (data not shown). Thus, the conclusions derived for SSA1/SSA2 mRNAs can be extended to the individual SSA1 and SSA2 mRNA species.
Several genes in S.cerevisiae share sequence similarity with SSA1 and SSA2 and encode mRNAs of similar sizes (55) . To confirm that under the conditions used here, the SSA2 probe does not hybridize with any of these other mRNAs, RNA isolated from strains disrupted for both the SSA1 and SSA2 genes was hybridized with the SSA2 probe. As shown in Figure 2 , in these double-disruption strains the only significant hybridization signal was of a smaller size than the SSA1/SSA2 band in wild-type cells. This smaller RNA is probably a 5′ fragment of SSA1 mRNA that is still transcribed from a disruption allele, but more importantly there is no signal the size of the full-length SSA1/SSA2 mRNAs, verifying that the probe is indeed specific for SSA1 and SSA2 mRNAs.
In addition to the SSA1 and SSA2 mRNAs, mRNAs transcribed from the SSA1-lacZYA and SSA2-lacZYA chimeric genes are also destabilized and fragmented when translation initiation is partially inhibited (these fusion genes have the 5′-end of the SSA1 or SSA2 sequences fused to the entire lac operon; 38). In wild-type cells, or in prt1 mutant cells under permissive conditions, the SSA2-lacZYA fusion gene is transcribed to produce several mRNAs (3.4, 7 and 8 kb), each encoding the same Ssa2-lacZ chimeric polypeptide but having different lengths of 3′ untranslated sequence. Partial inhibition of translation initiation causes these mRNAs to become fragmented, resulting in at least six different RNAs detectable using the lacZ probe (38) . To rule out an involvement of the extensive 3′ untranslated sequences of some of these mRNA species in this increased mRNA degradation I constructed a different SSA2-lacZ fusion gene that still encodes the Ssa2-lacZ chimeric polypeptide but is expressed as a single 3.4 kb mRNA species. This single mRNA species is identical to the SSA2-lacZYA fusion mRNA molecules in its 5′-end, and therefore contains all the SSA2 5′ leader and initial coding sequences fused in frame to the lacZ gene, but is devoid of extensive 3′ untranslated sequences encoded by lacY and lacA. As expected from my previous results with SSA2-Lac fusions (38), the full-length 3.4 kb SSA2-lacZ fusion mRNA was decreased in abundance in prt1-63 mutant cells incubated at 37_C, and in prt1-1 mutant cells incubated at 32_C, conditions that partially inhibit translation initiation (Fig. 3A , and data not shown). Primer extension studies showed that under these conditions the mRNA 5′ sequences are rapidly lost (data not shown). Degradation of this SSA2-lacZ reporter mRNA is thus a useful indicator of the effects of partially inhibited translation initiation.
Increased degradation of lacZ fusion mRNAs under conditions of diminished translation initiation is seen for mRNAs containing 5′ sequences derived from the SSA1 and SSA2 genes, but not when the mRNA 5′ sequences are derived from another gene, such as CYC1. The mRNA produced by the CYC1-lacZ fusion gene, containing the same 3′ sequences as the SSA2-lacZ mRNA but differing in 5′ sequences, is not rapidly degraded in prt1-63 mutant cells (Fig. 3B) . This finding supports the earlier conclusion that the degradation of the SSA1/SSA2 and SSA2-lacZ mRNAs under conditions of diminished translation initiation is accelerated by SSA-derived 5′ mRNA sequences (38) .
Not all SSA2-lacZ mRNA fragmentation can be ascribed to partially inhibited translation initiation. In prt1-63 mutant cells at 37_C an SSA2-lacZ mRNA fragment was detected; this 1.8 kb fragment hybridized with the 5′-end of the lacZ gene but not with 3′ lacZ sequences, and thus represents the 5′-end of the SSA2-lacZ mRNA (Fig. 3A) . However, this mRNA fragment was also present in wild-type cells at these higher temperatures (Fig. 3A) , and its existence in both wild-type and prt1-63 mutant cells harboring CYC1-lacZ mRNA showed that this mRNA fragment was independent of SSA2 sequences (Fig 3B, and data not shown). This mRNA fragment is therefore not a consequence of partially inhibited translation initiation. The decreased abundance of full-length SSA2-lacZ reporter mRNA, rather than the appearance of discrete mRNA fragments, is thus a better indicator of the effects of limited translation initiation on mRNA degradation.
A Upf1 and Upf2 pathway can mediate SSA mRNA degradation when translation initiation is diminished
In yeast there are several overlapping pathways through which an mRNA can be degraded. One of these, termed the nonsensemediated decay pathway, is involved in the degradation of mRNA that has acquired an aberrant nonsense codon early in the coding region (reviewed in 4). This nonsense-mediated mRNA decay involves the Upf1 and Upf2/Nmd2 proteins. Mutation of the UPF1 or UPF2 gene has been shown to stabilize mRNAs that contain an aberrant nonsense codon but does not alter the half-life of most other mRNAs (11, (57) (58) (59) .
To assess the involvement of Upf proteins in the initiationdependent degradation of SSA1/SSA2 mRNAs I used conditions of limited translation initiation and analyzed mRNA abundance in strains lacking the Upf1 or Upf2 proteins. As shown in Figure 4 , SSA1/SSA2 mRNA levels were substantially higher in prt1-63 upf1::URA3 or prt1-63 upf2::HIS3 double-mutant cells at 37_C than what is seen in prt1-63 UPF1 UPF2 cells; similar stabilization of these mRNAs was seen upon incubation of prt1-1 cells without Upf1 function at 32_C (data not shown). The upf1 and upf2 mutations themselves had no effect on SSA1/SSA2 mRNA levels in cells that were not impaired for translation (Fig. 4) . These results indicate Upf1 and Upf2 are participants in the degradation of SSA1/SSA2 and SSA2-lacZ mRNAs under the conditions of limited translation initiation imposed by prt1 mutations. The Upf1 and Upf2 proteins therefore not only carry out nonsense-mediated mRNA degradation, but also can mediate degradation of the SSA1 and SSA2 mRNAs. Therefore, Upf1 and Upf2 probably participate in the same pathway for initiation dependent mRNA degradation.
The decreased degradation of SSA1/SSA2 mRNA in prt1-63 upf1 and prt1-63 upf2 mutant cells is reminiscent of the decreased mRNA degradation seen upon a complete blockage of translation initiation (Fig. 1) . However, these analogous effects on SSA1/ SSA2 mRNA degradation may not be related functionally. Experiments using several liquid and solid media indicated that the absence of Upf1 protein has only a negligible effect on the growth phenotype of prt1-63 mutant cells at 37_C or of prt1-1 mutant cells at 32_C (data not shown). These findings indicate that a upf1 mutation does not further compromise the translation initiation that persists in prt1 mutant cells under these inhibitory conditions, and support the conclusion that the Upf1-and Upf2-mediated SSA1/SSA2 mRNA degradation in these prt1 mutant cells takes place only under conditions of diminished translation initiation.
Inhibiting translation initiation through eIF2B activity decreases SSA2-lacZ mRNA stability
Several initiation factors mediate translation initiation. I have shown that SSA2 and SSA2-lac mRNA stability not only is affected by alterations of the Prt1 protein, a component of eIF3, but also by alterations of the cap-binding protein, eIF4E, a component of eIF4F (38, 60) . I extended this investigation to include a third important initiation factor, eIF2, and characterized the effects of limiting eIF2 activity on the degradation of SSA2-lacZ mRNA.
eIF2 is a trimeric protein that binds and hydrolyses GTP (61) (62) (63) . In the GTP-bound form eIF2 is active for translation initiation. During translation initiation, the GTP bound by eIF2 is hydrolysed to GDP; eIF2 is then reactivated for another round of translation initiation through the exchange of its bound GDP for GTP, a reaction that is carried out by the eIF2B complex (64) . In yeast the gamma subunit of the eIF2B guanine nucleotide exchange factor is the Gcd1 protein (64) . The gcd1-101 mutation causes temperature sensitivity for growth and decreases the rate of translation initiation, presumably by limiting the mutant cell for eIF2 in the active, GTP-bound form (65, 66) . Therefore, this gcd1 mutation can be used to inhibit translation initiation by decreasing the availability of activated eIF2, rather than by altering eIF2 itself. To investigate the effects of this gcd1 mutation, and of the diminished translation initiation due to limited eIF2 activity, on the stability of mRNA I probed for SSA1/SSA2 and SSA2-lacZ mRNA in gcd1-101 mutant cells after Figure 5 . Rapid degradation of SSA2 mRNAs upon limiting translation initiation due to an eIF2B mutation. Cell growth, sampling and RNA blotting were as described in Figure 1 . Blots were probed first with a lacZ internal fragment, then stripped and reprobed for SSA1/SSA2 mRNA. Equal amounts of total yeast mRNA were loaded in each lane as determined by ethidium staining and by probing for ACT1 mRNA (data not shown). Strains: GC2B (lanes [1] [2] [3] [4] [5] and GC2D (lanes 6-10).
transfer to the restrictive temperature of 37_C. As shown in Figure 5 , at this restrictive temperature the levels of both SSA1/SSA2 and SSA2-lacZ mRNAs were significantly decreased in gcd1-101 mutant cells. Diminishing translation initiation by limitation for eIF2 activity or function therefore has effects on mRNA stability that are similar to those imposed by eIF3 or eIF4E mutations, but without the added complication of involving structurally altered initiation factors in the translation-initiation process.
To assess the importance of Upf1 in mRNA degradation caused by a limiting but normally functional initiation component, I determined the abundance of SSA2-lacZ mRNA in gcd1-101 upf1 double-mutant cells. As shown in Figure 5 , loss of Upf1 function stabilized SSA2-lacZ mRNA when activated eIF2 was in short supply due to the gcd1-101 mutation. Therefore, slowing translation initiation by either impairment of an initiation factor (mutant eIF3) or by simply decreasing the availability of a normal initiation factor (eIF2) triggers the same Upf1 and Upf2-mediated mRNA-degradation pathway.
DISCUSSION
Initiation-dependent mRNA decay
The findings presented here confirm earlier studies showing that the degradation of certain yeast mRNA molecules is accelerated under conditions of partially inhibited translation initiation (38, 60) . The mRNA molecules found to be subject to this degradation comprise 5′ leader and translated sequences from the heat-shock genes SSA1 or SSA2 joined to downstream sequences from yeast or bacterial sources. Here I present data suggesting that these mRNAs can have different degradation rates under different translation conditions, and are subject to at least two pathways that bring about this mRNA degradation. One form of mRNA degradation is evident upon the complete blockage of new translation initiation, as can be produced by mutations in the Prt1 subunit of the translation-initiation factor eIF3 (39, 40) . Under these conditions levels of the SSA1/SSA2 mRNAs are decreased somewhat in comparison to those found under conditions of unimpeded translation initiation. The finding that SSA1/SSA2 mRNA levels remain higher when new transcription is blocked than when new transcription continues but translation initiation is blocked, suggests that a complete lack of translation initiation has a moderately destabilizing effect on these SSA1/SSA2 mRNAs. This effect may be mRNA-specific, for it is not seen for ACT1 mRNA.
A second pathway for mRNA degradation is evident under conditions of decreased but ongoing translation initiation, and selectively accelerates the degradation of the SSA1/SSA2 and SSA2-lacZ mRNAs. The rapid and substantial mRNA degradation under these conditions is mediated by the Upf1 and Upf2 proteins, which are known to participate in another form of mRNA degradation (11, (57) (58) (59) . Severe blockage of the translationinitiation process prevents the Upf1-dependent mRNA degradation of SSA mRNAs, revealing the existence of an mRNA-degradation pathway that depends on residual translation initiation.
Translation initiation and mRNA decay
Although blocking translation initiation has a mildly destabilizing effect on the SSA mRNAs studied here, different conclusions concerning the effects of blocking translation initiation have been reached in other experiments. Those studies found that blocking translation initiation does not affect yeast mRNA degradation. In those experiments a severe impairment of translation initiation on a tester mRNA was brought about not by an initiation-factor mutation, as used here, but by insertion into the mRNA 5′ untranslated leader of sequences able to form a base paired structure. This sort of stable mRNA secondary structure blocks the transit of the 43S pre-initiation complex along the mRNA molecule from the 5′-end of the mRNA, where the 43S complex becomes mRNA-associated, to the downstream AUG codon where translation begins (28) (29) (30) (31) (32) (33) 67) . In one study, Beelman and Parker (67) showed that a basepaired structure in the 5′ untranslated region of the unstable MFA2 mRNA, which decreases translation of the modified mRNA to <1% of wild-type rates, does not alter the degradation of that mRNA. A similarly modified HIS4 mRNA was also unaffected in degradation (29) . In fact, a basepaired structure in the 5′ untranslated leader of cat mRNA that decreases translation of that modified mRNA to only ∼2% of normal actually increases the half-life of the modified mRNA (32) . Therefore, blocking translation initiation by increased mRNA secondary structure generally has little or no effect on mRNA decay. [Exceptions exist: 5′ leader secondary structure that blocks translation can decrease yeast mRNA levels (33) .] A yeast mRNA altered to be devoid of AUG translation-initiation codons has the stability characteristic of the unaltered, translated parent mRNA (68) . For mRNAs without AUGs or with 5′ secondary structure the 43S pre-initiation complex, with its associated translation-initiation factors, is presumed or demonstrated to associate with the modified mRNA molecules but is unable to initiate polypeptide synthesis. These and other findings led Yun and Sherman (68) to suggest that important features in mRNA decay are the recruitment of translation factors to an mRNA, and the subsequent association of these factors with the mRNAdegradation machinery.
It might be expected that an inability to form the initiation-related associations hypothesized above may affect mRNA degradation, and that for an individual mRNA this effect may be manifested as a decreased or increased degradation rate. Indeed, the increased SSA mRNA degradation upon blockage of translation initiation may be an example of just such a situation. The eIF3 initiation factor that is impaired by prt1 mutations interacts in the 43S pre-initiation complex with the initiator tRNA as well as with mRNA and the 40S ribosome (41, 69, 70) . The prt1-1 mutation used here has been shown to impair proper interaction with the initiator tRNA (41, 69) ; thus, it is likely that the initiation blockage brought about the prt1-1 mutation results from an inability to form the 43S pre-initiation complex (reviewed in 71). Under these conditions translation-initiation factors may not be recruited to the mRNA, and at the very least would be unable to scan down the mRNA to interact with mRNA-decay factors. It is therefore reasonable that mRNAs like the SSA1/SSA2 mRNAs would show altered degradation properties upon a complete blockage of translation initiation due to eIF3 mutation, as found here.
Initiation-dependent mRNA decay mediated by Upf1 and Upf2 proteins
A markedly accelerated degradation of SSA mRNAs is seen when translation initiation is diminished by a prt1 mutation, but not when translation initiation is completely blocked by the same mutation. This initiation-dependent mRNA degradation is abrogated by mutations affecting the Upf1 or Upf2 proteins, suggesting that these proteins participate in initiation-dependent degradation. Upf1 and Upf2 are important components in another pathway for yeast mRNA degradation. This pathway, termed nonsense-mediated mRNA decay, is activated by the combination of a premature translation-termination (nonsense) codon in an otherwise-open reading frame (reviewed in 4) plus, in some cases, a consensus sequence motif downstream of the nonsense codon (8, 72, 73) . This consensus sequence, UGYYGAUGYYYYY, is complementary to the 18S rRNA component of the small ribosomal subunit that provides the framework for translation initiation (73) . The downstream element is thought to interact with the scanning ribosome that remains mRNA-associated following translation termination, or with other factors, to trigger nonsense-mediated decay (74, 75) . The importance of the AUG motif in the downstream element (8) suggests that this sequence may interact with the ribosome for nonsense-mediated decay. Similarly, the translation-initiation process that is central to the accelerated mRNA degradation characterized here also involves AUG recognition. The involvement of AUG sequences, and of the Upf1 and Upf2 proteins, are therefore two features common to both nonsense-mediated mRNA decay and the initiation-dependent mRNA degradation characterized here.
Despite these common features the nonsense-mediated decay pathway itself may not carry out initiation-dependent mRNA degradation. Sequence elements demonstrated to affect nonsensemediated mRNA decay are not evident in the SSA1, SSA2 and SSA2-lacZ mRNAs whose rapid Upf1-and Upf2-dependent degradation is characterized here. More importantly, none of these mRNAs harbor 'premature' nonsense codons. Although each mRNA species has a 'normal' translation-termination codon positioned at the end of the LacZ open reading frame, in no case is a termination codon followed by AUG arrays in 3′ untranslated sequences or by sequences complementary to 18S rRNA. These 3′ mRNA sequences are therefore not good candidates to serve as triggers for nonsense-mediated mRNA decay. This claim is especially true for SSA2-lacZ mRNA, whose downstream sequences, including translation-termination and 3′ untranslated sequences, are identical to those in the CYC1-lacZ mRNA molecules that are shown here to be unaffected by initiationmediated mRNA degradation. On the other hand, sequence elements have been implicated in the initiation-dependent degradation experienced by these SSA-related mRNAs, but these sequences are the 5′ SSA sequences common to both endogenous SSA and SSA-lacZ fusion mRNAs (38) . Therefore, the initiationdependent mRNA degradation that involves Upf1 and Upf2 is not simply another manifestation of nonsense-mediated mRNA decay.
The involvement of the Upf1 protein in initiation-dependent mRNA decay implicates post-initiation events in this mRNA degradation. The Upf1 protein is associated with polysomes and with the 80S yeast ribosome, but not measurably with the 40S ribosomal subunit that participates in translation initiation (76, 77) . These observations suggest a role for translation elongation in initiation-dependent mRNA decay. Indeed, blocking translation elongation by cycloheximide prevents initiationdependent mRNA degradation in prt1 mutant cells (unpublished observations). The prt1 mutations that partially inhibit translation initiation to activate initiation-dependent mRNA degradation affect the translation-initiation factor eIF3 (39, 40) , a component of the 43S pre-initiation complex that associates with the 5′-end of an mRNA molecule and scans down the RNA to recognize an AUG codon. The eIF3 complex leaves the translation-initiation complex at the time of initiation-codon recognition; nonetheless, the status of eIF3 function affects the activity of ribosome-bound Upf1 protein (78; reviewed in 79). How could Upf1 be involved in mRNA degradation triggered by diminished translation initiation? The involvement of eIF3 mutations in activating this Upf1-mediated mRNA decay suggests a functional interaction of Upf1 at the stage of translation initiation. The effects of the prt1 mutations studied here suggest that one function of eIF3 at the time of translation initiation may be to facilitate 'deactivation' of the mRNA-degradation propensities of ribosome-associated Upf1. This neutralizing effect of eIF3 may be compromised by its mutated Prt1 subunit, directly by affecting eIF3 interactions with Upf1 or indirectly by disturbing interactions within the 43S pre-initiation complex.
The suggestion that an aberrant 43S pre-initiation complex may precipitate initiation-dependent mRNA degradation is consistent with certain ideas regarding the mechanism of nonsense-mediated mRNA decay. Evidence suggests that for nonsense-mediated decay a ribosome or ribosomal subunit remains mRNA-associated after translation termination, and continues to scan down the mRNA (72, 74) ; mRNA degradation is thought to be triggered by pausing of this ribosome, perhaps at the stage of translation reinitiation (74, 75) . Therefore, both nonsense-mediated mRNA decay and the initiation-dependent mRNA degradation characterized here may be triggered by distinct or abnormal scanning ribosomes or ribosomal complexes. The concept of different modes of ribosomal scanning is also articulated in the model for translational control of Gcn4 protein synthesis (reviewed in 80).
